
Chapter 7

Summary and Concluding Remarks

7.1. Summary

In this Technical Report, we aimed at ex-
ploring the nature of the Mott Transition
from the view point that the nonlocal in-
teraction must play an important role, es-
pecially near the transition point from the
correlated metal to the Mott insulator. For
this purpose, two perovskite-related systems
were studied. The �rst one was the metal-
lic vanadate, Ca1�xSrxVO3, which has nomi-
nally one 3d electron per vanadium ion. The
second one was the superconducting Sr2RuO4

with a layered-perovskite structure, which
has the same crystal structure as that of
La2�xBaxCuO4.

7.1.1. Electronic states of Ca1�xSrxVO3

We have succeeded in preparing single crys-
tals of the metallic alloy system Ca1�xSrxVO3

using the FZ method, for the �rst time. The
system has nominally one 3d electron per
vanadium ion; as we substitute a Ca2+ ion
for a Sr2+ ion, the one-electron bandwidth W
decreases due to the buckling of the V-O-V
bond angle from � 180� for SrVO3 to � 160�

for CaVO3, which is almost equal to the anal-
ogous 3d1 insulator LaTiO3.

As for CaVO3, we have revealed that stoi-
chiometric CaVO3�� (� �= 0:00) shows better
metallic conductivity than o�-stoichiometric
CaVO3�� . In general, CaVO3�� has \oxygen-
defects" and is di�cult to oxidize further (� <

0) around room temperature. Nevertheless, a
very slight peroxidation (� �= �0:05) leads the
system insulating without inducing any signif-
icant structural changes. We have also found
drastic, unconventional changes of the magne-
toresistance, magnetic susceptibility, and Hall
e�ect in single-crystalline CaVO3�� (� > 0).
The mechanism of these phenomena, as well
as the nature of the MI transition in CaVO3��

(� < 0), are still under investigations.

For the whole Ca1�xSrxVO3 system irre-
spective of the value of x, the Sommerfeld-
Wilson ratio RW is almost equal to 2.
The Kadowaki-Woods ratio A=
2 lies in the
same region as for the heavy Fermion com-
pounds. There is also a large contribution
from electron-electron scattering to the re-
sistivity even at room temperature. These
features above provide strong evidence of
the large electron correlations in this system.
However, the density of states at the Fermi
level D(EF) obtained by the thermodynamic
(
) and magnetic (�P ) measurements show
only a moderate increase in going from SrVO3

to CaVO3 compared to D(EF) deduced from
the LDA band calculations This is inconsis-
tent to the divergence of the e�ective mass
expected from the Brinkman-Rice picture.

Accordingly, we suggest that LDA DOS
cannot be interpreted as the bare non-
interacting DOS, required as an input to the
mean-�eld-type many-body formalism of the
electron correlations; this indeed invokes the
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idea of the additional nonlocal electron corre-
lations, i.e., the ~k-dependent self-energy.

In order to check the application of the ~k-
dependent self-energy, we have performed sev-
eral high-energy spectroscopies, such as XPS,
XAS, and UPS.

The core level XPS has shown that the V
2p and O 1s spectrum consist of three peaks
even in the end members, CaVO3 and SrVO3;
this can be attributed to the intrinsic surface
electronic states, i.e., the charge dispropor-
tionation (2V4+ ! V3+ + V5+).

Both the O 1s edge and V 2p edge XAS
spectra cannot be explained by either the clus-
ter model calculations or the LDA band calcu-
lations; this may be understood by the over-
lapping surface contribution, or by the forma-
tion of the Hubbard bands.

UPS spectra were completely di�erent from
LDA DOS, and consist of two well-de�ned fea-
tures: one is the quasiparticle peak at EF,
and the other is the high energy excitations
� 1:7 eV signaling the formation of LHB. As
we increase the magnitude of U=W , a large
amount of the spectral weight is transferred
from the coherent band to the precursor of
LHB.

We have succeeded to separate out the sur-
face and bulk contributions from the total
spectrum. We found a novel MI transition at
the surface with a change in x, while the bulk
remains metallic. This can be caused by the
charge disproportionation at the surface, and
has never been observed in any other material.

We have compared the ordinary UPS spec-
tra to the bulk spectra of the newborn mea-
surement in order to extract the common
properties. We havee calculated a spectral
DOS using the large-d Hubbard model within
the LISA method, as well as by the phe-
nomenological introduction of the self-energy
correction to the LDA DOS. The suppression
of �(EF), which was observed in both exper-
iments, has indicated that there are some in-
teractions treated insu�ciently, thus, a cor-

rection to the local single-particle self-energy
is necessary to reproduce the observed spec-
tra. By squashing all those undetermined in-
teractions, which are omitted in either LDA
or LISA, into the tentative ~k-dependence of
the self-energy phenomenologically, we could
obtain reasonable values of m�=mb as well as
the reasonable �t to the experimental spectra.

7.1.2. Electronic states of Sr2RuO4

Sr2RuO4 is the only copper-free supercon-
ductor with the same crystal structure as that
of La2�xBaxCuO4. Sr2RuO4 exhibits super-
conductivity below Tc = 1:50K, and a great
deal of work has been carried out into the
nature of its superconductivity, particularly
since some �ngerprints of a peculiar p-wave su-
perconductivity have been recently reported.

Angle-integrated photoemission spectro-
scopic measurements have been performed for
the single-crystalline Sr2RuO4; this is the
�rst well-characterized angle-integrated pho-
toemission study on this material. Because of
the recent controversy regarding the surface
contribution to the photoemission spectrum
of Sr2RuO4, we have taken particular care for
the surface preparations. The surface of the
samples was scraped in the ultra-high vacuum
chamber at 80K, the possible surface degrada-
tion was carefully checked by monitoring the
O 1s core-level XPS spectrum, and we have
con�rmed with su�cient reproducibility, the
valence band spectra by a number of indepen-
dent measurements.

RPES measurements have corroborated the
band-like (itinerant) nature of the Ru 4d
electrons with weak 4p � 4d resonance en-
hancement. Nevertheless, we have found that
the UPS spectrum of Sr2RuO4 around EF

shows signi�cant spectral weight redistribu-
tion. This seems to be evidence of the ex-
tremely strong electron correlations, but the
e�ective mass is, on the other hand, not as
strongly enhanced as expected. This con-
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tradiction can be also explained consistently
in the same fashion as we developed for the
Ca1�xSrxVO3 system; i.e., by considering the
tentative ~k-dependence of the self-energy cor-
rection to the LDA DOS. Therefore, Sr2RuO4

gives us another example in which the non-
local interaction may become important. We
consider that the origin of the nonlocal inter-
action is the nonlocal exchange or correlation
interaction resulting from the poor screening
of Coulomb interaction inherent in the low di-
mensionality of this system, and/or from the
ferromagnetic as well as the orbital 
uctua-
tions.

7.2. Description of the Mott transition: Fu-

ture problems

7.2.1. Alliance between large-d Hubbard model

and LDA band calculations

As demonstrated by the UPS spectra, the
LDA band calculation should include some
form of self-energy correction, since, in the
LDA approach, we completely fail to produce
the satellite or the incoherent spectral features
arising from many-body e�ects, that are not
contained adequately in the LDA formalism.
This local many-body e�ects, i.e., the forma-
tion of the Hubbard band and its intensity, are
well explained by the large-d Hubbard model
within the LISA method.
We have also found that LDA overestimates

D(EF) as well as underestimates the bare
bandwidth compared to those of the large-d
Hubbard model within the LISA method; i.e.,
the DOS obtained from LDA cannot be inter-
preted as an input to the bare DOS of the
mean-�eld type many-body formalism. This
discrepancy between LDA DOS and bare DOS
of LISA in terms of the bandwidth and the
D(EF) was indeed the basis for invoking the
nonlocal self-energy. We have also speculated
that this nonlocal e�ect may become signi�-
cant near the Mott transition or in a low di-
mension system, where poor screening of the

Coulomb interactions exists.

Although we have succeeded to introduce
an appropriate but tentative ~k-dependent self-
energy phenomenologically, it is no doubt a
di�cult task at present to estimate the in-

trinsic ~k-dependent contribution to the self-
energy experimentally, because in order to de-
duce the form of the ~k-dependence, we have to
compare the experimental data to a theoreti-
cal model of the non-interacting limit.

Especially, with regards to the comparison
to the LDA band calculation as we actually
did in this work, the obtained ~k-dependence
of the self-energy may be far from the in-
trinsic one, because the obtained ~k-dependent
self-energy might have only compensated the
self-interaction e�ect inherent in the LDA po-
tential. It is known that LDA includes the
Coulomb interaction term within an e�ec-
tively single-particle-wise but self-consistent
manner, and that this leads to a considerable
narrowing of the bandwidths compared to the
Hartree-Fock approximation in which nonlo-
cal exchange is properly taken into account.

On the other hand, for the large-d Hubbard
model, the neglect of the degeneracy implicit
in the practical use of the large-d Hubbard
model may lead to a wider occupied band-
width. Moreover, it is also not clear what the
implications are of ignoring the oxygen sub-
lattice in this case. Clearly it would be ideal,
and therefore highly desirable, to include the
more realistic lattice for the multiband Hub-
bard model (the alliance between the large-
d Hubbard model and the LDA band calcu-
lation). But theoretical problems associated
with such a task have not been made so far.

It is interesting to note that this important
point has not been appreciated su�ciently in
the context of electronic structures of strongly
correlated systems. Thus, more elaborate the-
oretical as well as experimental studies in fu-
ture are really expected to elucidate the na-
ture of the nonlocal interaction, i.e., to clarify
the true colors of the Mott transitions.
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7.2.2. A Tale of Two Energy Scales

This Technical Reportis one of the �rst
experimental attempts to combine the high-
energy spectroscopy spectrum to the thermo-
dynamic property and the static magnetiza-
tion in a single Mott-Hubbard system. To
explain both of the experimental data con-
sistently is a challenging problem, since they
belong to vastly di�erent energy scales. The
photoemission spectroscopy is a probe for
typically a high energy (0:1 � 1 eV), while
the thermodynamic and magnetic measure-
ments probe electrons typically within kBT

(� 1meV) of EF. Hence, our attempt may
be likened to use a sledge-hammer to crack
a nut. Actually, there is indeed a-priori no
reason to believe that the same model physics
will be valid in both the regimes.

Nevertheless, our trial seems to have suc-
ceeded to get a coherent view encompassing
this vast energy scale.

With the high-energy probe, we have ob-
tained the picture of the systematic evolu-
tion of the photoemission spectrum, where the
DOS in the non-interacting limit splits into
LHB, UHB, and the quasiparticle band at EF

by the e�ect of on-site electron correlation.
Moreover, with this high-energy probe, we
found the other interesting feature: the bare
DOS, which is the non-interacting limit of the
large-d Hubbard model with LISA method,
can not be similar to LDA DOS. In order
to bridge-build between the two approaches,

we introduced the nonlocal self-energy phe-
nomenologically, which worked, in this case,
to broaden the LDA band and thus reduce
D(EF); with this broadened DOS, we can �t
the observed data su�ciently by the large-d
Hubbard model.

With the low energy probe, on the other
hand, we have con�rmed the validity of this
model; i.e., the large enhancement of the !-
mass, which is expected from the large spec-
tral weight transfer in the high-energy region,
is actually canceled. This is considered to
be due to the small k-mass; i.e., the e�ective
mass is the product of the !-mass and k-mass

m�

mb

� m!

mb

� mk

mb

;

the former corresponds to the high-energy
spectral weight redistribution, and the latter
comes from the nonlocal self-energy.

The elucidation of what kind of interac-
tion is actually squashed into the above phe-
nomenological nonlocal self-energy, as well as
to investigate whether this picture may valid
in the very vicinity of the Mott transition are
still an open question to be studied in the fu-
ture work. This kind of study will give us
the detail of two energy scale, which is one of
the most important problems in the physics of
strongly correlated electron systems, attract-
ing a great deal of attention.9;92 We hope this
work can be a milestone of this attempt.
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and N. Môri, Phys. Rev. B 48, 9677 (1993).

39J. C. Phillips, Phys. Rev. B 46, 8542 (1992).

40N. Shirakawa, K. Murata, H. Makino, F. Iga,
and Y. Nishihara, J. Phys. Soc. Jpn. 64, 4824
(1995).

41Z. Hiroi and M. Takano, private communication.

42I. Hase (private communication): See also K.
Takegahara, J. Electron Spectrosc. Relat. Phe-
nom. 66, 303 (1994).

43A. N. Gerritsen, Physica 25, 489 (1959).

44B. Barbara, V. S. Amaral, J. Filippi, A. G. M.
Jansen, J. B. Sousa and J. M. Moreira, J. Appl.
Phys. 70, 5813 (1991).

45M. J. Naughton, S. Dickinson, R. C. Sama-
ratunga, J. S. Brooks, and K. P. Martin, Rev.
Sci. Instrum. 54 1529 (1983).

46I. H. Inoue, O. Goto, H. Makino, N. E. Hussey,
M. Ishikawa, Phys. Rev. B 58, 4372 (1998).

47I. H. Inoue, N. Shirakawa, I. Hase, O. Goto, H.
Makino, M. Ishikawa, J. Phys. Condens. Matter
(London) 10, 11541 (1998).

48For a recent review, see Spectroscopy of Mott In-

sulator and Correlated Metals, edited by A. Fu-
jimori and Y. Tokura (Springer-Verlag, Berlin,
1995).

49Y. Tokura, Y. Taguchi, Y. Okada, Y. Fujishima,
T. Arima, K. Kumagai, and Y. Iye, Phys. Rev.
Lett. 70, 2126 (1993).

50T. Katsufuji and Y. Tokura, Solid State Phys.
30, 15 (1995): Y. Okada, Master thesis, Uni-
versity of Tokyo, 1993, unpublished.

51Y. Tokura, Y. Taguchi, Y. Moritomo, K. Kuma-
gai, T. Suzuki, and Y. Iye, Phys. Rev. B 48,
14063 (1993).

52F. Iga, Y. Nishihara, J. Sakurai, and M.
Ishikawa, Physica B 237-238, 14 (1997).



References 101

53J. B. Torrance, P. Lacorre, A. I. Nazzal, E. J.
Ansaldo, and Ch. Niedermayer, Phys. Rev. B
45, 8209 (1992); X. Granados, J. Fontcuberta,
X. Obradors, and J. B. Torrance, ibid. 46, 15683
(1992); X. Obradors, L. M. Paulis, B. Maples,
J. B. Torrance, A. I. Nazzal, J. Fontcuberta,
and Y. Granados, ibid. 47, 12353 (1993); P. C.
Can�eld, J. D. Thompson, S. -W. Cheong, and
L. W. Pupp, ibid. 47, 12357 (1993); J. L. Garc��a-
Mu~noz, J. Rodr��guez-Carvajal, and P. Lacorre,
ibid. 50, 978 (1994); T. Arima and Y. Tokura,
J. Phys. Soc. Jpn. 64, 2488 (1995).

54J. A. Wilson and G. D. Pitt, Philos. Mag. 23,
1297 (1971); G. Czyzek, J. Fink, H. Schmidt,
G. Krill, M. F. Lapierre, P. Paissod, F. Gau-
tier, and C. Robert, J. Magn. Magn. Mater. 3
58 (1976); S. Ogawa, J. Appl. Phys. 50, 2308
(1979); H. Takagi, H. Eisaki, S. Uchida, and R.
J. Cava, in Ref. 48, p. 185; Y. Sekine, H. Taka-
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Appendix. Optical Conductivity of

Ca1�xSrxVO3

This chapter has been published by Phys. Rev. B 58, 4384 (1998) by H. Makino,

I. H. Inoue, M. J. Rozenberg, I. Hase, Y. Aiura, and S. Onari.

Optical conductivity spectra of single crystals of the perovskite-type 3d1 metal-

lic alloy system Ca1�xSrxVO3 have been studied to elucidate how the electronic

behavior depends on the strength of the electron correlation without changing

the nominal number of electrons. The re
ectivity measurements were made at

room temperature between 0.05 eV and 40 eV. The e�ective mass deduced by the

analysis of the Drude-like contribution to the optical conductivity and the plasma

frequency do not show critical enhancement, even though the system is close to the

Mott transition. Besides the Drude-like contribution, two anomalous features of

the intraband transition within the 3d band were observed in the optical conductiv-

ity spectra. These features can be assigned to transitions involving the incoherent

and coherent bands near the Fermi level. The large spectral weight redistribution

in this system, however, does not involve a large mass enhancement.

A.1. Introduction

Over the past few decades, a considerable
number of studies have been performed on 3d
transition-metal oxides which have a consider-
ably narrow 3d band. In particular, a metal-
to-insulator transition caused by a strong elec-
tron correlation1 (Mott transition) as well as
anomalous electronic properties in the metal-
lic phase near the Mott transition have at-
tracted the interest of many researchers. Since
the discovery of the high-Tc cuprate supercon-
ductors, there has been much discussion re-
lating to the importance of two di�erent ex-
perimental approaches to the Mott transition,
namely a �lling control and a band-width con-
trol. The former involves doping holes or elec-
trons into the system, and the latter varying
the strength of the electron correlation U=W ,

where U is the electron correlation due to
Coulomb repulsion and W is the one-electron
band-width.

In recent years, the systematic evolution
of optical conductivity spectra in going from
a correlated metallic phase to the Mott-
Hubbard insulating phase have been reported
on both the �lling controlled2{6 and the band-
width controlled Mott-Hubbard systems.7{10

The smallest energy gap for charge excitations
of the Mott-Hubbard insulator is the excita-
tion energy of the charge 
uctuation dn+dn !
dn�1+dn+1, so-called a Mott-Hubbard gap.11

The optical conductivity of the Mott-Hubbard
insulator is considered to show a gap feature
due to the above charge excitation from the
lower Hubbard band to the upper Hubbard
band.

V2O3 and related compounds have been ex-

105
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tensively studied as typical materials which
show the Mott transition with varying the
strength of the U=W ratio. The tempera-
ture dependent optical conductivity of V2O3

was reported by Thomas et al . through the
metal-to-insulator transition.9,10 The optical
conductivity of V2O3 in the insulating phase
shows a gap feature, which is attributed to
the Mott-Hubbard gap excitation. On the
other hand, in the metallic state, a low-energy
contribution to the optical conductivity shows
an anomalous feature, which is reproduced by
two Lorenzians. Moreover, the optical con-
ductivity shows an anomalous enhancement of
the spectral weight as a function of temper-
ature. Rozenberg et al . reported that these
experimental results are in good agreement
with the theoretical prediction obtained by
the in�nite-dimension Hubbard model within
the mean-�eld approach.10 Since the forma-
tion of the Mott-Hubbard bands are predicted
even in the metallic state for this kind of
strongly correlated system, the optical con-
ductivity spectra should be a�ected by the
precursor features.12 It is very interesting to
see how the spectral weight varies with the
electron correlation in the correlated metallic
state near the Mott transition. For a detailed
discussion, however, we need to control the
strength of the electron correlation more pre-
cisely.

The perovskite-type early 3d transition-
metal oxides are ideal Mott-Hubbard systems
for controlling the band �lling and band-width
by chemical substitutions. It has been re-
ported that, for the �lling controlled systems
La1�xSrxTiO3 and R1�xCaxTiO3 (R=rare
earth), the spectral weight of the optical con-
ductivity transfers from the higher energy fea-
ture corresponding to an excitation through
the Mott-Hubbard gap, to the mid-infrared
inner-gap region corresponding to the Drude-
like absorption extending from ! = 0.2,3;6 The
rate of the spectral weight transfer by doping
increases systematically with the increase of

the one-electron band-width W .

On the other hand, the Ti{O{Ti bond an-
gle can be decreased as we decrease the ionic
radius of the R site. The decrease of the Ti{
O{Ti bond angle gives rise to the decrease of
the value of W . A systematic change of the
optical conductivity spectra was reported on
RTiO3 (R=La, Ce, Pr, Nd, Sm, and Gd).7

The lowest gap-like feature systematically in-
creases as the ionic radius of the R site de-
creases, namely, as the value of W decreases.
A similar change was also observed on an al-
loy system, La1�xYxTiO3.

8 These systematic
variations of the optical conductivity are in-
terpreted as a successive increase of the Mott-
Hubbard gap with increasing the strength of
the U=W ratio. In these materials, however
the system remains an insulator even for the
least correlated LaTiO3; therefore one cannot
study the evolution of the metallic properties
under the band-width control in this system.

The purpose of this chapter is to clarify the
evolution of the optical conductivity spectrum
in the metallic phase near the Mott transi-
tion, as we control the strength of the elec-
tron correlation U=W without changing the
band �lling. A perovskite-type 3d1 vanadate
CaVO3 is considered to be a strongly corre-
lated metal close to the Mott transition.13,14

We can control the strength of the U=W ra-
tio, by chemical substitution of a Sr ion for
a Ca ion of the same valence without vary-
ing the nominal 3d-electron number per vana-
dium ion.15 We report the optical conduc-
tivity spectra in this strongly correlated al-
loy system Ca1�xSrxVO3. The e�ective mass
m�=mb estimated from the optical measure-
ments are shown in Sec. A.3.2. The evolu-
tion of the optical conductivity is discussed in
Sec. A.3.3.

A.2. Experiments

Single crystals of Ca1�xSrxVO3 (x=0, 0.25,
0.5, 1) were grown by a 
oating-zone method



A.3.1. Band-width control due to orthorhombic distortion 107

using an infrared image furnace with dou-
ble halogen lamps. Since as-grown samples
are slightly oxygen de�cient, all the samples
were annealed in air at 200 �C for 24 hours
in order to make the oxygen concentration
stoichiometric.13;16,17

Raman scattering spectra were measured at
room temperature in back-scattering geome-
try using a triple spectrometer system (Jasco
TRS-600) equipped with a charge coupled de-
vice (CCD; Photometrics TK512CB) cooled
by liquid nitrogen. The samples were excited
by the 514.5 nm Ar ion laser line. Polarization
of the incident light was taken to be parallel
to that of the scattered light.

Optical re
ectivity measurements were car-
ried out at room temperature (� 300 K) in
the energy range between 0.05 eV and 40 eV
using a Michelson-type Fourier-transform in-
frared spectrometer (0.05{0.6 eV), a grating
monochromator (0.5{5.6 eV), and a Seya-
Namioka-type grating for the synchrotron ra-
diation (5{40 eV) at the beamline BL-11D of
Photon Factory, Tsukuba. The surfaces of
the samples were mechanically polished with
diamond paste for the optical measurements.
The absolute re
ectivity was determined by
referring to the re
ectivity of an Al or Ag �lm
which was measured at the same optical align-
ment.

We have calculated a complex dielectric
function �(!) � �1(!)+i�2(!) by the Kramers-
Kronig (K-K) transformation of the measured
re
ectivity R(!), where ! is the photon en-
ergy. The real part of the complex optical
conductivity Re[~�(!)] is related to the imag-
inary part of the dielectric function �2(!) by
Re[~�(!)] = (!=4�)�2(!). Since the K-K anal-
ysis requires R(!) for 0 < ! < 1, two as-
sumptions must be made to extrapolate the
observed data beyond the upper and lower
bounds of the measurements. In the present
study, the re
ectivity data were �rst extrapo-
lated from the lowest measured energy down
to ! = 0 with the Hagen-Rubens formula

which is an approximation for R(!) of con-
ventional metals. Then, beyond the highest
measured energy, the re
ectivity data were ex-
trapolated up to ! ! 1 with an asymptotic
function of !�4.

A.3. Results and discussion

A.3.1. Band-width control due to orthorhom-

bic distortion

Powder x-ray di�raction measurements
were carried out to characterize the samples
and to determine the lattice constants. In
Fig. 7.1, we present the lattice constants, a,
b, and c against the Sr content x. The crys-
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FIG. 7.1. Lattice constants, a, b, and c of the
Ca1�xSrxVO3 single crystals plotted against the
Sr content x. The data were estimated from pow-
der x-ray di�raction patterns.

tal structure of Ca1�xSrxVO3 belongs to the
perovskite-type structure with orthorhombic
distortion (GdFeO3-type).

18 The amount of
the distortion is almost proportional to the
amount of the Ca content; i.e., SrVO3 is a
cubic perovskite. However, we assumed the
crystal structure of all samples (0 � x � 1) to
be orthorhombic and deduced the lattice con-
stants. The lattice constants increase mono-
tonically with the increase of x, ensuring the
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appropriate formation of the solid solution
over the whole composition range.
Raman scattering measurements give indi-

rect information about the crystal symmetry,
because the appearance of some Raman-active
phonon lines depends crucially on the crys-
tal symmetry of the system. In Fig. 7.2, we
show the Raman spectra of Ca1�xSrxVO3 at
room temperature in the wave-number range
of 80{400cm�1. In this wave-number range,
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FIG. 7.2. Raman spectra of Ca1�xSrxVO3 at room
temperature. Polarization of the incident light was
taken to be parallel to that of the scattered light.

four Raman active Ag phonon lines are ob-
served in orthorhombic CaVO3 (x = 0). The
energies of the phonon lines shift to the lower
energy side, and the width of the peaks be-
come broader, as we increase the Sr content
x. The Raman active phonon lines disappear
completely in SrVO3.
According to the group theory analysis,19 it

is predicted that several Raman active phonon
modes 7Ag + 7B1g + 5B2g + 5B3g can exist
in the orthorhombically distorted perovskite
which belongs to the point group symmetry
of D2h. On the other hand, the cubic per-

ovskite which belongs to the point group sym-
metry of Oh is \Raman forbidden", namely it
has no Raman-active phonon modes. There-
fore, the experimental results tell us that the
crystal symmetry actually changes from the
orthorhombic distorted perovskite (CaVO3)
to the cubic perovskite (SrVO3). The or-
thorhombic to cubic transition is considered
to occur between x = 0:5 and 0.75.

The orthorhombic distortion implies that
the V{O{V bond angle is deviated from 180�,
i.e., there is an alternately tilting network of
the VO6 octahedra. The V{O{V bond angle
of SrVO3 is 180

� same as an ideal perovskite
structure, while that of CaVO3 is � 160�. The
bond angle deviation from 180� reduces the
overlap between the neighboring V 3d orbital
mediated by the O 2p orbital. Therefore, the
one-electron band-width W of V 3d band de-
creases with decreasing the V{O{V bond an-
gle. Accordingly, we can control the value of
W by chemical substitution of the Ca2+ ion
for the Sr2+ ion of the same valence without
varying the nominal 3d-electron number per
vanadium ion. Since the electron correlation
energy U is almost the same in CaVO3 and
SrVO3, we can thus control the strength of the
U=W ratio by chemical substitution. The V{
O{V bond angle of CaVO3, in addition, is al-
most equal to that of LaTiO3 which is a Mott-
Hubbard type insulator, so that it seems rea-
sonable to consider that CaVO3 is close to the
Mott transition. Moreover, there is consider-
able evidence for the presence of strong elec-
tron correlations.13{17 Thus, Ca1�xSrxVO3

system is ideal for the study of the metallic
states near the Mott transition.

A.3.2. E�ective mass

In Fig. 7.3, we show optical re
ectivity spec-
tra of Ca1�xSrxVO3 measured at room tem-
perature (� 300 K), for four single crystals
with di�erent x (x=0, 0.25, 0.50, 1). The
chemical substitution of Sr2+ for Ca2+ seems
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to make no remarkable change at the lower-
energy region (below � 5 eV) in the optical re-

ectivity spectra. All the samples exhibit high
re
ectivity from far-infrared to near-infrared
region, and we can recognize a sharp re
ec-
tivity edge appearing at � 1.3 eV. Since
Ca1�xSrxVO3 is metallic over the whole com-
position range, the optical re
ectivity is dom-
inated by the signal of conduction electrons in
this photon energy region. Systematic spec-
tral changes with x are observed in the energy
range of the ultra-violet and vacuum-ultra-
violet light. The changes are partly due to
the di�erences in the conduction bands of the
Ca2+ and Sr2+ cations. But this is irrelevant
for the discussion of the main subject.

First of all, we will concentrate on the low
energy response of the itinerant carriers. The
contribution of the conduction electrons to the
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FIG. 7.3.
Re
ectivity spectra for the Ca1�xSrxVO3 single
crystals measured at room temperature. The fea-
ture at � 0.1 eV for x = 0:25 is an experimental
artifact.

complex dielectric function �(!) is well de-
scribed by the Drude model. According to
the generalized Drude model,20,21 �(!) is ex-
pressed as

�(!) = �1 � 4�~�(!)

i!

� �1 �
!2p(!)

i!(
(!)� i!)
; (A.1)

where �1 is the high-energy dielectric con-
stant, which is a high-energy contribution of
the interband transitions, ~�(!) is the complex
conductivity, 
(!) is the energy-dependent
scattering rate, and !p(!) is the plasma fre-
quency. The plasma frequency !p(!) is de-
�ned as

!2p(!) �
4�ne2

m�(!)
;

where n is the total density of conduction elec-
trons, and m�(!) is the energy-dependent ef-
fective mass.

To begin, let us con�ne our attention to the
plasma frequency. If we assume that the nom-
inal electron number per vanadium ion is ex-
actly 1 for the whole composition range, we
can deduce the carrier density n from the unit-
cell volume. Then, we can estimate a variation
of the e�ective mass m�(!) from the value of
!p(!).

The Energy-loss function Im(�1=�) is ob-
tained by Kramers-Kronig analysis of the
measured re
ectivity spectra R(!). Provided
that 
(!) and m�(!) do not depend on !

strongly, we can estimate !p(= const:) from
the Energy-loss function, because, the Energy-
loss function peaks at the energy of !�p (!

�
p =

!p=
p
�1). Accordingly, we can obtain the

energy-independent plasma frequency !p from
the peak position of the energy-loss function.

In Fig. 7.4, the spectra of Im(�1=�) of
Ca1�xSrxVO3 are shown in the photon en-
ergy range from 0.6 to 2.0 eV to focus on
the peak near the re
ectivity edge (around
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FIG. 7.4. Energy-loss function Im[-1/�(!)] ob-
tained by the Kramers-Kronig transformation of
the re
ectivity data. The data in the photon en-
ergy range between 0.6 eV and 2.0 eV are shown
to focus on the plasmon peak (around 1.3 eV).

1.3 eV). The peak position of the Energy-loss
function !�p systematically shifts to higher en-
ergy with increasing x. At �rst, we have esti-
mated !�p from the peak energy, and deduced
!p =

p
�1!

�
p. If we consider only the response

of the conduction electrons, �1 is the contri-
bution from the high-energy interband transi-
tions. Since the interband transition appeared
above � 2.5 eV, the value of �1 can be taken
from the real part of the dielectric function
�1(!) at around 2.5 eV.

22 Then, we can deduce
the value ofm�=mb using the lattice constants
and the value of !p.

In Fig. 7.5, the ratios of the deduced e�ec-
tive mass m� to the bare electron mass m0

are plotted as a function of the Sr content x.
The value of m�=m0 systematically increases
as varying x from SrVO3 to CaVO3. This
carrier-mass enhancement, however, is not so
large, even though the system is near the Mott
transition. This result is consistent with the
value of m�=mb estimated from the results of
the speci�c heat measurements.14

It is instructive to compare the measured
low frequency ~�(!) with the simple Drude
model, in which 
(!) and m�(!) do not de-
pend on !. According to Eq. (A.1), the real
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FIG. 7.5. E�ective mass m� estimated by the
plasma frequencies compared with the bare elec-
tron mass m0. The value of m�=m0 systematically
increases in going from SrVO3 (x = 1) to CaVO3

(x = 0).

part of the optical conductivity Re[~�(!)] �
�(!) is given by the formula

�(!) =
�dc

1 + !2=
2
;

where �dc is the dc conductivity. The dc con-
ductivity is expressed by the scattering rate 

and the plasma frequency !p by the following
relation:

�dc =
ne2

m�

=

!2p

4�

:

Here, we have used the value of �dc obtained
by electric resistivity measurements at room
temperature. Then the value of 
 can be de-
duced from the above relation. Fig. 7.6 shows
the comparison of the experimentally obtained
�(!) for CaVO3 to the optical conductivity
calculated by the simple Drude model. As
shown in Fig. 7.6, the low-energy contribution
to the optical conductivity, which is a response
of the itinerant carriers, is not properly re-
produced with this simple Drude model. As
we increase the photon energy, the experimen-
tally obtained �(!) deviates from that of the
simple Drude model. The observed �(!) has a
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that of the experiment of CaVO3.

tail decaying slower than the Drude-type !�2

dependence.
We consider that the discrepancy between

the simple Drude model and the experimental
results is attributed to the energy-dependence
of the scattering rate 
(!) and the e�ective
mass m�(!). We can determine 
(!) and
m�=mb(!) from Eq. (A.1); i.e., when we de-
�ne �(!) � �1(!) + i�2(!),


(!) =
!�2(!)

�1 � �1(!)
;

m�(!) =
4�e2n
(!)

�2(!)! ( 
2(!) + !2 )
:

Figs. 7.7(a) and 7.7(b) show 
(!) and m�(!)
of Ca1�xSrxVO3 as a function of photon en-
ergy. In case of the simple Drude model, the
scattering rate 
 is taken to be independent on
the photon energy. But, in this system, 
(!)
actually increases as we increase the photon
energy, as shown in Fig. 7.7(a).
The energy-dependent scattering rate is

generally attributed to electron-phonon scat-
tering or electron-electron scattering. Since an

0.5

0.4

0.3

0.2

0.1

0.0

γ*
 (

eV
)

1.21.00.80.60.40.20.0
Photon Energy (eV)

x=0
x=0.25

x=0.5

x=1

Ca1-xSrxVO3(a)

5

4

3

2

1

0

m
*/

m
0

1.21.00.80.60.40.20.0
Photon Energy (eV)

x=0 x=0.25

x=0.5
x=1

(b) Ca1-xSrxVO3

FIG. 7.7. (a) Energy dependent scattering rates

(!) of Ca1�xSrxVO3; (b) e�ective mass m�(!) of
Ca1�xSrxVO3. m�(!) is normalized to the bare
electron mass m0.

extremely large T2-dependence of the dc con-
ductivity observed in the Ca1�xSrxVO3 sys-
tem can be well ascribed to electron-electron
scattering,14 it is reasonable to consider that
electron-electron scattering governs the be-
havior of 
(!). According to the Fermi liquid
theory, the electron-electron scattering rate is
proportional to !2. Fig. 7.7(a), however, in-
dicates that 
(!) looks more proportional to
! rather than !2. On the contrary, since the
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electron-phonon scattering is proportional to
!5 up to the Debye frequency, it is necessary
to elucidate the scattering process which con-
tributes to 
(!). This is still an open question.

On the other hand, the energy dependence
of m�(!) is not so large. Except for the
low energy region (! <� 0:2 eV), the value
of m�=mb=m0 increases with the decrease of
Sr content x. In the Sr1�xLaxTiO3 system,
which is a typical doping system, as one ap-
proaches x = 1, a large energy dependence
of m�=mb as well as a critical enhancement
at the low-energy region are observed.2 How-
ever, in Ca1�xSrxVO3 system, m�=mb does
not exhibit such a critical enhancement with
varying x in going from SrVO3 to CaVO3, al-
though there is a di�erence between the �lling
control and the band-width control.

In the low energy limit (! = 0), m� should
correspond to the e�ective mass estimated by
the speci�c heat measurement. We have inter-
polated m�=mb(!) down to ! = 0 with two
kinds of tangential lines drawn from 0.4 eV
and 0.15 eV. As shown in Fig. 7.8(a), the
intercepts, at which the two tangential lines
from 0.4 eV and 0.15 eV cut the vertical
axis, are de�ned as ma and mb. Fig. 7.8(b)
indicates x-dependence of the values of ma

and mb. The value of mb does not show
any systematic behavior, presumably because
phonons, randomness, or other extrinsic con-
tributions cause this non-systematic change.
However, the value of ma increases systemat-
ically with decreasing x; moreover, the values
are almost equal to the value of m� deduced
from plasma frequency. We regard ma as a
good measure of m�=m0 for this system.

The e�ective mass estimated from the
plasma frequencies and the generalized Drude
analysis (ma) appear in Table 7.I. It is ex-
pected that we should observe, near the Mott
transition, a critical enhancement of the ef-
fective mass of the 3d conduction electrons.
If we substitute the Ca2+ ion for the Sr2+

ion in the Ca1�xSrxVO3 system, the 3d band-

5

4

3

2

1

0

m
*/

m
0

1.000.750.500.250.00
x

 ma
 mb

(b) Ca1-xSrxVO3

4.0

2.0

m
*/

m
0

0.60.50.40.30.20.10.0
Photon Energy (eV)

a

b

CaVO3(a)

FIG. 7.8. (a) Energy dependent e�ective mass
m�(!) of CaVO3 compared with the bare electron
mass. \a" and \b" indicate intercepts at which
tangential lines drawn from 0.4 eV and 0.15 eV
cut the vertical axis, corresponding to the values
of ma and mb. (b) ma and mb are plotted against
the Sr content x.

width successively decreases. Then, the value
of m�=m0 is expected to increase drastically
re
ecting the change of the U=W ratio. HOw-
ever, it is clear from our observations that such
a large mass enhancement does not actually
take place in this system.

A.3.3. Spectral weight redistribution of 3d-
band

The density of states (DOS) of orthorhom-
bic CaVO3 and cubic SrVO3 calculated us-
ing the full-potential augmented plane-wave
method with the local density approximation
(LDA) are shown in the top of Fig. 7.9. The
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TABLE 7.I. E�ective mass m�=m0 deduced from the plasma frequencies !p and the generalized Drude
model (ma).

x 0 0.25 0.5 1

m�=m0 (deduced from !p) 3.9 3.7 3.5 3.3
ma (generalized Drude analysis) 3.5 3.2 3.1 2.7
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FIG. 7.9. DOS of CaVO3 and SrVO3 obtained by
the LDA band calculation (top) and a schematic
picture of optical conductivity expected from the
calculated DOS (bottom).

band-calculation shows that the DOS near the
Fermi level EF is dominated by the V 3d elec-
trons. The V 3d band crosses the Fermi level,
and the DOS below 4 eV is mainly the O 2p
band.

In the metallic state, �(!) is expected to
consist of two basic components: intraband

transitions within the V 3d conduction band,
i.e., the Drude part extending from ! = 0,
and interband transitions appearing at much
higher energy. The latter is regarded from the
calculated DOS as the charge-transfer contri-
bution (an excitation from the O 2p band to
the unoccupied part of the V 3d band above
EF ). A corresponding schematic picture of
the optical conductivity is shown in the bot-
tom of Fig. 7.9. As seen in this picture, the
charge-transfer contribution is expected to ap-
pear above � 4 eV, and the absorption edge of
the charge-transfer transition in SrVO3 is con-
sidered to shift slightly to lower energy than
that of CaVO3, re
ecting the shift of the O 2p
band.

Based on this picture, let us now look at
the experimental results, Fig. 7.10 shows the
real part of the optical conductivity, �(!), of
the Ca1�xSrxVO3 single crystals (x=0, 0.25,
0.50, 1). The optical conductivity spectra
are di�erent from our naive schematic picture
(Fig. 7.9 bottom); they show the presence of
two anomalous features in the intraband tran-
sition part below 4 eV besides the Drude-like
absorption (discussed above): a small peak
which appears at � 1.7 eV and a large peak at
� 3.5 eV. It must be noted that the two peak-
like structures below 4 eV have no naive origin
as far as we can infer from the calculated DOS
(Fig. 7.9). This large spectral weight redistri-
bution is generally believed to be a manifesta-
tion of the strong electron correlation in this
system.

Fig. 7.11 shows a comparison of the opti-
cal conductivity spectra of CaVO3 to those
of other perovskite oxides, Sr0:95La0:05TiO3
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FIG. 7.10. Optical conductivity spectra of
the Ca1�xSrxVO3 single crystals (x=0, 0.25,
0.50, 1) at room temperature obtained by the
Kramers-Kronig transformation of the re
ectivity
data.

(lightly doped 3d0:05 metal),23 and YTiO3

(3d1 insulator) reported by Okimoto et al .8 In
the optical conductivity of Sr0:95La0:05TiO3,
the most prominent low-energy feature, that
distinctly rises around 4 eV, can be inter-
preted as originating in a transition from
the O 2p band to the Ti 3d band, which
corresponds to the optical gap of the par-
ent insulator SrTiO3.

24 The doped 3d elec-
trons contribute to �(!) with a small spec-
tral weight extending from ! = 0. On
the other hand, YTiO3 is considered to be
a Mott-Hubbard insulator. Two electronic
gap-like features are observed around 1 eV
and 4 eV. These features have been respec-
tively interpreted as originating in excita-
tions through the Mott-Hubbard gap, namely,
from the lower-Hubbard band (LHB) to the
upper-Hubbard band (UHB), and excitations
through the charge-transfer gap, i.e., from the
O 2p band to the UHB.8;25 Recently, Bouarab
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FIG. 7.11. Comparison of the optical conductivity
spectra of CaVO3 to those of other perovskite ox-
ides, Sr0:95La0:05TiO3 (lightly doped 3d0 metal),23

and YTiO3 (3d1 insulator) reported by Okimoto
et al .8 Shaded portions correspond to the inter-
band transition, and remaining white portions cor-
respond solely to the intraband transitions within
the V 3d band.

et al . have reported interband optical conduc-
tivities obtained by the energy-bands calcula-
tion of the YMO3 (M=Ti-Cu) system with
a local spin-density approximation.26 Their
calculated results of interband optical conduc-
tivity in YTiO3 is shown in the bottom of
Fig. 7.11 as a shaded portion. We �nd from
this comparison that the peak at around 5 eV
cannot be explained by the transition between
the O 2p band and the Ti 3d band alone.
In CaVO3, photoemission spectroscopy15;27

has revealed that the O 2p band is located at
a binding energy which is almost the same as
that of metallic Sr0:95La0:05TiO3; hence, the
absorption edge of the charge-transfer excita-
tion of CaVO3 should be approximately equal
to that of Sr0:95La0:05TiO3. Therefore, it is
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reasonable to consider that the shaded por-
tions of �(!) in Fig. 7.11 correspond to the
charge-transfer type transitions as well as the
other interband transitions with much higher
energies, by analogy with the band-calculation
in YTiO3.

26 Accordingly, the remaining white
portions correspond solely to the intraband
transition within the V 3d band.

In order to focus on the spectral weight of
the optical conductivity arising from intra-
3d-band transitions, we have subtracted the
shaded portion in the middle of Fig. 7.11 as
background, assuming an appropriate func-
tion of (!��)3=2, where � has been obtained
by �tting the lower energy tail of the O 2p
band in photoemission spectroscopy spectra
of Ca1�xSrxVO3 single crystals.

28

A quantitative measure of the spectral
weight has been obtained by deducing the ef-
fective electron number per vanadium ion de-
�ned by the following relation

Ne�(!) �
2mV

�e2

Z !

0
�(!0)d!0;

where e is the bare electronic charge and m is
the bare band mass of a non interacting Bloch
electron in the conduction band. V is the cell
volume for one formula unit (one V atom in
this system). The signi�cance of Ne� will be
appreciated by considering the sum rule of the
conductivity

Z 1

0
�(!)d! =

�Ne2

2mV

where N � Ne�(1) corresponds to the to-
tal number of electrons in the unit formula.
That is, Ne�(!) is proportional to the num-
ber of electrons involved in the optical exci-
tations up to !. In Fig. 7.12, we show Ne�

of the Ca1�xSrxVO3 system, after subtract-
ing the higher-energy background. Since, in
Fig 7.12, we have assumed m = m0, where
m0 is the bare electronic mass, the total num-
ber N � Ne�(! =1) ' Ne�(! = 5 eV) turns
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FIG. 7.12. E�ective electron number per vana-
dium atom Ne� obtained after subtracting the
higher-energy background (Fig. 7.11).

out to be smaller than 1, re
ecting the dif-
ference between m and m0 (m > m0). If
instead we use the value m obtained from
LDA, m � 1:5m0 for the V 3d band, we
�nd Ne�(5 eV) � 1. Thus, we conclude
that the assumed background (shaded area in
Fig. 7.11) is reasonable to deduce the intrinsic
contributions of the interband transition.

The initial steep rise of Ne� is due to the
Drude-like contributions extending from ! =
0. The Drude-like contribution can be distin-
guished below � 1.5 eV, where Ne� exhibits a

at region. Therefore, Ne� at � 1.5 eV is con-
sidered to be a good measure for the e�ective
mass of the carriers. The values of m�=m0

estimated from Ne�(! = 1:5 eV) are 3.1(6),
3.0(5), 3.0, 2.7 for x = 0, 0.25, 0.50, 1, which
are almost equivalent to the values of m�=m0

discussed in Sec. A.3.2.

Fig. 7.13 shows the optical conductivity
spectra �(!) of the Ca1�xSrxVO3 single crys-
tals (x=0, 0.25, 0.50, 1) in the photon energy
range of 0�5 eV. The high-energy background
corresponding to the interband transition has
already been subtracted. As discussed above,
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FIG. 7.13. Optical conductivity spectra of the
Ca1�xSrxVO3 in the photon energy range of
0�5 eV. The high-energy background correspond-
ing to the interband transition has been sub-
tracted. (a) a small peak at � 1.7 eV is denoted as
peak \A" in the text. (b) a large peak at � 3.5 eV
is denoted as peak \B" in the text.

�(!) (0 � ! � 5eV) re
ects only the intra-
band transitions of the V 3d electrons. In the
spectrum, there is a small feature at � 1.7 eV,
which we call peak \A" [Fig. 7.13(a)] and
also a large feature at � 3.5 eV, which we
call peak \B" [Fig. 7.13(b)]. With the in-
crease of x, the excitation energy of peak \B"
shifts slightly to lower energy, and its spectral
weight decreases; whereas, the excitation en-
ergy of peak \A" shifts to higher energy, and

its spectral weight increases. In addition, the
width of peak \A" broadens with increasing
x. Fig. 7.14 shows the excitation energy, the
full-width at half maximum (FWHM), and the
spectral weight of peak \A" and peak \B" as
functions of x.29

In the valence band photoemission spectra
of the Ca1�xSrxVO3 system, two features have
been observed: one is a peak at � 1.5 eV below
EF and the other is the emission from a broad
quasiparticle band which lies on EF .

15;27 The
former is assigned to an incoherent emission
associated with the formation of the lower
Hubbard band and the latter corresponds to
a renormalized 3d band at EF . We reported
that, upon increasing the strength of U=W in
Ca1�xSrxVO3 system, the spectral weight is
systematically transferred from the quasipar-
ticle band to the incoherent part.15 In the
inverse-photoemission spectra of CaVO3 and
SrVO3, Morikawa et al . have found a promi-
nent peak at 2.5�3 eV above EF and a shoul-
der within around 1 eV of EF .

27 These fea-
tures have been also assigned to the incoherent
and coherent parts of the spectral function of
the V 3d electron.

These results lead us to consider that the
two features (peaks \A" and \B") observed
in the optical conductivity spectra originate
from possible combinations of the transitions
among the incoherent and coherent features of
V 3d electron around the Fermi level.

The experimental results of the optical con-
ductivity can be compared to the theoreti-
cal prediction obtained by the self-consistent
local-impurity approximation of the in�nite-
dimension Hubbard model.12 The theory
seems to give us a clue to understand the
origin of the two features. According to the
prediction, the optical response is composed
of basically three contributions in addition
to the Drude part: a broad part centered at
a frequency ! = U , a few narrow features
near ! = U=2, and an \anomalous" part that
is present in the range ! = 0 to 1 eV ap-
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proximately. The contribution at U corre-
sponds to direct excitations between the Hub-
bard bands, the features at U=2 corresponds
to excitations from the LHB to the empty
part of the quasiparticle band and from the
�lled part of the quasiparticle band to the
UHB, and �nally, the \anomalous" part cor-
responds to excitations from the �lled to the
empty part of the quasiparticle band. In our
previous paper,30 we analyzed the spectrum
of CaVO3 in the light of these predictions.
The parameters U and W , which were used
in the model calculation, were taken from the
results of photoemission spectroscopy.30 Al-
though it was expected that the parameter
W would systematically change with compo-
sition, we chose to vary U for the sake of
simplicity, given that �ts of equivalent quality
could be obtained for the photoemission spec-
tra. In CaVO3, which has the narrowest 3d
band in the Ca1�xSrxVO3 system, the peaks
\A" and \B" have been well described by the
features at U=2 and U , respectively, so that
the in�nite-dimension Hubbard model seems
to reproduce the experimentally obtained op-
tical conductivity reasonably well.30

We �nd that our experimental gives re-
sults as summarized in Fig. 7.14: with in-
creasing x, the peak energy of peak \B"
shifts slightly to lower energies and its spec-
tral weight gradually increases. The spectral
weight of peak \A" increases with x. Peak
\A", however, shifts slightly to higher energy.
We should now like to emphasize an impor-
tant point. Our present systematic study of
the Ca1�xSrxVO3 compound gives conclusive
evidence that we can tune the band-width of
the system by controlling x. The position of
peak \B" gives a direct measure of the value of
U , and the fact that it remains almost a con-
stant is a clear evidence that the ratio U=W

is controlled by a change of the band-width
W . This situation is in sharp contrast with
our previous analysis30 based on photoemis-
sion data which did not allow us to resolve
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FIG. 7.15. Calculated optical conductivity by IPT
for the parameters U = 3 eV and W indicated in
the �gure.

which parameter was actually controlling the
U=W ratio. A crucial ingredient that makes
the study of the optical response so valuable
for this analysis is that, unlike photoemission,
it probes also the unoccupied part of the spec-
tra, therefore, it is sensitive to the relative po-
sition of the Hubbard bands.

In order to gain some further insight in the
qualitative behavior of the systematic evolu-
tion of our experimental data, we have used
our initial estimates for U and W as input
parameters in a calculation of the optical re-
sponse of the Hubbard model and changed the
value ofW instead of U . We shall consider the
model within the dynamical mean �eld the-
ory which becomes exact in the limit of large
lattice connectivity (or large dimensionality).
For convenience we have computed the optical
response using the iterated perturbation the-
ory (IPT) method which allows for a simple
evaluation of this quantity at T = 0 and near
the Mott-Hubbard transition.31,32

In Fig. 7.15 we show the theoretical predic-
tion using the value of U = 3 eV for the local
repulsion and for the half-bandwidth W=2 =
1:05 and 0.95 eV for SrVO3 and CaVO3, re-
spectively. Note that the spectra do not dis-
play the Drude contribution as it corresponds
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FIG. 7.16. Theoretical spectral density of states
obtained by IPT at T = 0 for the parameters
U = 3 eV and W indicated in the �gure.

to a delta-function at ! = 0 since our model
does not contain disorder and the calculation
is performed at T = 0. The particular line-
shape that we obtain is originated in the be-
havior of the spectral density of states that is
obtained within the IPT method as shown in
Fig. 7.16. We should point out that while the
details of the line shape may not be correctly
given by this method, the main distribution
of the spectral weight of the various contribu-
tions and their systematic evolution are very
reliably captured.12

We observe that the theoretical results for
the systematic dependence of the various con-
tributions to the optical response by control-
ling the value of W are in a better qualita-
tive agreement with the experimental data of
Fig. 7.14 than the previous calculation where
we changed the value of U . One of the most
notable improvements is that the unexpected
systematic evolution of the feature at U=2,
which shifts upward with increasingW , is well
captured qualitatively. This peculiar e�ect
can be interpreted as a \band repulsion" be-
tween the Hubbard band and the quasiparticle
band. As we increase W , the latter becomes
broader and \pushes" the Hubbard band fur-
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ther out.

However, there are still some discrepancies.
Such a large spectral weight redistribution is
predicted to be concomitant with a large ef-
fective mass in the mean-�eld treatment of the
Hubbard model.12;33 This is, however, incon-
sistent with the observed e�ective mass in this
system. Moreover, in the optical conductivity
spectra, there is apparently a notable discrep-
ancy in respect to the relative spectral weight
of peak \A" to peak \B"; it is much more sup-
pressed in the experimental data, than in the
theoretical data.

Other discrepancies between some experi-
mental results and the prediction of the mean-
�eld approach for the electron correlation
were also reported in the photoemission spec-
troscopy measurements in this system.15;27

In the mean-�eld Fermi liquid approach, the
renormalized quasiparticle band at EF should
be narrowed with increasing the value of
U=W ,12;33 but, in those experiments, the
quasiparticle band-width remains broad, even
if the system approaches the Mott transition.
Since peak \A" has been assigned to transi-
tions associated with the quasiparticle band,
the conspicuous suppression in spectral inten-
sity of peak \A" re
ects the broadness of the
quasiparticle band. The broad quasiparticle
band also accounts for the lack of a strong
mass enhancement in this system.

The momentum-dependent self-energy be-
comes signi�cant near the Mott transition,
resulting in a reduction of the mass en-
hancement. Although our measurements
cannot clarify the validity of introducing a
momentum-dependent self-energy, we con-
clude that there must be other interactions
not present in the mean-�eld treatment of
the electron correlation in the metallic regime
close to the Mott transition.

Finally, the presence of the \anomalous"
contribution at low frequencies that extends
down to ! = 0 in the theoretical data sheds
a di�erent light for the interpretation of the

Drude-like response discussed in Sec. A.3.2. It
may be possible to say that the deviation from
the simple Drude model would be partly due
to this \anomalous" contribution. The origin
of this e�ect is again traced to the presence of
the incoherent contribution coming from the
low energy tails of the Hubbard bands that is
observed in the theoretical density of states.
However, it is experimentally very di�cult to
disentangle unambiguously the contribution of
the coherent optical response of carriers and
that of the incoherent process in optical con-
ductivity, so this issue remains an open ques-
tion.

A.4. Summary

This study has aimed at elucidating the
electronic structure of the correlated metal-
lic vanadate by means of the optical spec-
troscopy measurements. We have synthesized
the Ca1�xSrxVO3 system to control solely the
3d band-width without varying the band �ll-
ing.

We have found that the low energy con-
tribution to the optical conductivity spectra
cannot be reproduced by the simple Drude
model with the energy-independent scatter-
ing rate and e�ective mass. The energy-
dependent 
(!) determined by the generalized
Drude model shows relatively large energy de-
pendence. However, 
(!) is proportional to !
rather than that of the electron-electron scat-
tering !2.

The e�ective mass of the V 3d electron has
been evaluated from the plasma frequency.
The value of m�=m0 gradually increases with
decreasing the band-width W . However, any
symptom of the critical mass enhancement has
not been observed, even though the system is
close to the Mott transition.

We observed two anomalous peaks in the
optical conductivity spectra around 1.7 eV
and 3.5 eV. These features can be assigned
to the possible combinations of transitions be-



120 Appendix. Optical Conductivity of Ca1�xSrxVO3

tween the incoherent peaks and the coher-
ent quasiparticle band around the Fermi level.
This large spectral weight redistribution sub-

stantiates the strong electron correlation in
this system, which is, however, not concomi-
tant with a large e�ective-mass enhancement.
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